Determination of chromium in biological materials
Summary -The determination of chromium in biological materials is of considerable importance because it has been shown to be essential by animal experiments and has potential importance in human medicine. At higher levels it is also toxic and symptoms of chromium toxicity are well established. Numerous errors have appeared in earlier analytical measurements of chromium because analysts have paid too little attention to potential sources of contamination, and to the stringent requirements of particular instrumental measurements. As a result of recent studies, a clearer understanding of the nutritional requirements for chromium, and of the levels of chromium in the serum and urine of normal subjects is available. Recent developments in technology have provided analytical techniques with sufficient sensitivity for both these determinations, although serum chromium at the lowest levels is still a difficult determination for routine hospital laboratories without specialised facilities. Recent developments in analytical techniques are reviewed in the light of clinical requirements both now and in the foreseeable future. CLINICAL 
BACKGROUND
Chromium in common with other biologically active metals can pose a toxic hazard at high dosage or exposure, but when deficient in diet it can be associated with reversible biochemical and clinical effects.
The toxic nature of chromium(VI) is well established and industrial workers exposed to dichromates or chromic acid can suffer skin lesions, lung disease, and an increased incidence of various forms of cancer (ref. 1) . Improved industrial hygiene can reduce these problems, and monitoring of absorbed water soluble Cr is possible by measuring urinary Cr otput (the main pathway of Cr excretion). When respired air contains more than 0.05 mgCr m jthe threshhod limiting value) then urinary chromium can exceed 30 pg Cr(g creatinineY (approx. 30 pg l ) (ref. 2) . Measurement of chromium at this level presents few serious analytical problems, although the proportions of chromium(VI) and chromium(III) in various materials are of considerable interest, and the nature of the carcinogenic action of chromium is still unknown.
The greatest challenge to the analytical scientist lies in the study of chromium as an essential nutrient for animals and man. It is now over 25 years since showed that brewers' yeast was able to reverse the glucose intolerance found in rats fed certain stock diets, and that the active principle in the yeast contained chromium(III). Current knowledge of the nutritional role of chromium has been reviewed in excellent recent articles by Anderson in 1981 and 1983 (refs. 6,7) . It is now known that an organo-Cr complex of uncertain structure is synthesised in tissue from absorbed chromium(III), and that this complex potentiates the actions of insulin. Deficiency of this complex either through absolute dietary lack of chromium(III) or reduced ability to synthesise the specific complex results in glucose intolerance and reduced efficiency of insulin, affecting carbohydrate, amino acid and lipid biochemistry. Symptomatic chromium(III) deficiency has been clearly demonstrated in man during prolonged intravenous feeding when purified nutrients (amino acids and carbohydrates) do not contain sufficient chromium(III) to meet1requirements. In two studies, supplementation of the intravnous fluid with 250 pg Cr day (ref. 8) or intravenous supplementation with 150 pg Cr day (ref. 9 ) reversed severe glucose intolerance, improved nitrogen balance and weight gain, and reduced signs of peripheral neuropathy.
Studies of the metabolism of chromium in man have been seriously hampered by the lack of satisfactory analytical procedures for the determination of chromium(III) in diet, tissues and body fluids. Indeed much erroneous data has been published, and ambiguous conclusions drawn on such data, due to the use of inadequate or inappropriate methods (refs. 7,10) . A favourable clinical and biochemical response to chromium supplementation has not been consistently demonstrated in diabetic patients. Improvements in glucose tolerance and changes in lipoprotein biochemistry have been reported but these biochemical markers are subject to significant variations quite independently of chromium status. The chromium concentrations observed in blood, serum and urine of diabetics and other categories of patients vary enormously (ref. 10 ) making the prior selection of a chromium deficient group impossible. Many workers have relied upon the differences between chromium concentrations in various patient groups or after some treatment such as glucose loading or chromium supplementation (ref. 11), but the fact that the absolute values of the chromium determinations are often in serious doubt destroys confidence in the clinical conclusions (refs. 10,12) . Only recent awareness of the limitations and problems associated with analytical techniques for the determination of chromium, has allowed rigorous studies of the normal levels of chromium, and the effects of both chromium supplementation and glucose loads to be established (ref. 13 ).
An accurate estimate of normal urinary chromium output is also of importance in assessing dietary chromium requirement. Assuming an intestinal absorption efficiency of around 1% (estblished by radiotracer studies) (ref. 14) , then an average urijiary output of 1 pg Cr day , suggests a dietary requirement of between 50-200 ig Cr day , since urinary excretion is the main route of chromium loss (ref. 15 ). It appears that many western diets based on refined carbohydrate and other processed foodstuffs low in chromium may give rise to marginal deficiency in large segments of the population. The risk of inadequate chromium intake may be of particular significance for pregnant and lactating women, since the concentration of chromium is highest in the organs of the newborn and declines rapidly during the first few years of life (ref. 16). The developing foetus may therefore deplete maternal tissue chromium reserves unless the dietary chromium intake is adequate. On study (ref. 16) showed that the average dietary chromium intake was only about 29 ig Cr day , which was much lower than that for any other world population studied at that time. These results have recently been amply confirmed in a U.S. study by Anderson and Kozlovsky (ref. 17 ) whose paper also includes data from a number of other studies. The average daily intake of chromium for 10 males over a 7 day period was 33 pg with a range from 22-48 jig, whilst for 22 females studied at the same time, a mean of 25 ig and a range of 13-36 ig was reported (ref. 17) . Chromium absorption was founcjl to be inversely related to dietary intake, absorpijion at a dietary intake of 10 pg day was as high as 2%, but at an intake of 40 pg day this was decreased to 0.5%. More than 90% of the diets tested were below the minimum suggested safe and adequate daily intake of 50 ig Cr (ref. 17).
It seems clear that much of the published clinical work on chromium requires, at the very least, confirmation using a truly specific and accurate analytical technique for total chromium. Even this may not be sufficient to reach firm clinical conclusions in all cases. An improved bioassay for the organo-Cr complex or Glucose Tolerance Factor (GTF) has been proposed (ref. 18 ) and may give more relevant information. Although chromium is required physiologically as special organo-Cr complexes, it now seems clear that normal individuals do not need to ingest biologically active chromium directly from foodstuffs (ref. 6), as inorganic chromium can be converted to a useable form in vivo. The use of accurate procedures for total chromium determinations therefore remains of fundamental importance to the clinical biochemist.
It is essential that analytical chemists working on this problem should provide methods which are sufficiently sensitive, which give accurate results, and that proper methods of validation are made available and are used whenever low level chromium determinations (<10 pg 1 are carried out. Where such ideal facilities are not available, the analyst should ensure that his results are at least consistent with currently accepted levels of chromium in body fluids and tissues. One of the more important attributes required in a good analytical chemist is scepticism, and this should be applied to his own results first, particularly if they are not consistent with other literature. The purpose of this paper is to review current knowledge of the levels of chromium in the more important biological materials, to assess probable sources of error which have led and still lead to the publication of erroneous data and to discuss analytical techniques used for this type of chromium analysis. In this latter section, the limitations of some procedures are described and the more satisfactory approaches are highlighted.
CHROMIUM CONCENTRATIONS OF INTEREST
Analysis of the higher levels of chromium found in problems of toxicity rarely presents great difficulties, but the determination of levels of chromium in samples from normal subjects, and in deficiency states is much more difficult. i(alues published over the past 25-30 years show a wide variation between 0.14 and 185 pg 1 of chromium in blood serum for example (ref. 12). The wider availability of electrothermal atomic absorption instruments in the late seventies and eighties has meant that chromium determinations at these levels are within the reach of many more biochemical laboratories. Unfortunately, the more recent establishment of the fact that chromium concentrations in blood serum and urine are well below 1 pg 1' in normal subjects is still not fully appreciated by all workers in this field, and is sometimes even misinterpreted in standard texts (ref. 19 ). The sharp differences between currently accepted values for chromium in the two principal biological materials and most of the older data, means that many earlier analytical studies and procedures must be ignored or considered inadequate, and many of their conclusions challenged or reinvestigated. and a daily excretion of 0.3 to 2.0 pg. Analysis of the current literature supports these conclusions, and suggests that data which does not confOrm to these criteria must be subject to considerable doubt, which also applies to any conclusions drawn from such data. Much of the published literature prior to 1978 which relies on chromium determinations suffers from this deficiency. These figures also provide a benchmark for the development and evaluation of new analytical techniques and procedures, and should be used by analytical chemists in the absence of a wide range of adequate standard reference materials. It is to be hoped that the recent introduction by the U.S. National Bureau of Standards cjf RM 8419 bovine serum (ref. 29) , with a recommended chromium content of 0.30 ÷ 0.05 pg l will provide laboratories with an important new method for the self validation of analytical results and procedures.
CAUSES OF ANALYTICAL ERROR
One cause of low results which has been put forward persistently over the years, is loss of chromium by volatilization during sample drying and/or dry ashing. Such a hypothesis would suggest that the normal values indicated above are too low. A review of the extensive literature on this subject (ref. 12) confirms that this argument can not be sustained. Several careful studies (in for example refs. 25, [30] [31] [32] [33] have shown that losses by volatilization during dry ashing at temperatures as high as 450°C are insignificant. All the other sources of analytical error relevant to the determination of chromium will produce high results and provide a pattern which is entirely consistent with the literature. As scientists have become more aware of the problems associated with trace analysis of metals, so the reported concentration of chromium in biological samples has fallen (ref. 12). Improvements in sensitivity of analytical techniques have also contributed to this trend. Amongst the more easily identified sources of error are the following:
Sampling and storage prior to analysis Since the total 'evels of chromium to be determined in blood serum, urine or other materials are at the jig 1 level or below, accidental contamination prior to the actual analytical measurement will invalidate the result. Such problems are mucjh less noticeable for elements such as copper or zinc which are present at around the jig ml level, but foj manganese, nickel, chromium, aluminium, etc. where the normal levels are around 1 pg l or below, contamination during sampling and storage represents probably the greatest hazard to an accurate analysis (refs. 34,35) .
Disposable steel needles used widely in medical practice for the taking of blood samples, can not be used for sampling blood intended for trace metal analysis of elements such as chromium, manganese and nickel (refs. 25,35,36) . It has been clearly sho9 by sampling blood with a radioactivated needle that a substantial transfer of chromium (as Cr) takes place from the needle. Four 20 ml aliquots of blood wre drawn through a stainless steel needle and additions of 89.9, 12.7, 10.4 and 15.9 pg 1 chromium were found in the samples. Since these levels are between about 100 and 1000 times the level of chromium in the sample, they are clearly useless for analysis. Similar contamination levels have been found from the use of stainless steel surgical blades for the preparation of tissue biopsies (ref. 35). It is essential that hospital staff responsible for sampling are fully aware of the different requirements necessary for sampling for trace metal analysis compared to other hospital procedures. A polypropylene over-the-needle catheter or an all plastic cannula should be used and the initial portion of the sample drawn should be rejected or used for other analyses (see below for typical procedures).
The vessels used to separate and store blood samples and to collect urine samples are a further source of contamination. Stabilisers used in plastics, anticoagulants used to obtain plasma and any preservatives or acids used to stabilise urine samples need careful evaluation. The increasing usage of disposable compressed paper urine bottles for bed-ridden patients has been found to seriously contaminate urine with metals (Fe, Mn, Zn and Cr) released from the scrap paper used in manufacture (ref. Intended or routine hospital use for serum chromium concentrations above 0.5 pg 1 (ref. 38 ).
Blood was collected through a plastic cannula (Venflon, Viggo AB, Sweden). This is inserted with an inner steel needle which is then withdrawn leaving the cannula in place. Since the first 10 ml of blood withdrawn is contaminated by the steel needle, it is rejected or used for other determinations. The following 10 ml is transferred to an acid-washed polypropylene centrifuge tube. Acid washing of all containers is achieved by standing overnight in 20% (V/V) AristaR nitric acid followed by thorough rinsing in deionised/distilled water. After clotting and centrifuging, the serum sample is transferred to an acid-washed sample vial and stored at 4-10 °C.
Procedure 3.
Intended for electrothermal atomic absorption spectrometric determination of serum chromium at normal levels (ref. 24 ).
Serum samples (1-2 ml) were collected in all plastic syringes (Safety-Monovette, Sarstedt, Princeton, NJ, USA) using needles of the "butterfly" type, with a short, siliconized needle attached to a length of small bore poly(vinyl)chloride tubing (Minicath, Deseret Medical, Sandy, UT, USA). Samples were ashed in specially fabricated quartz test tubes (10 mm diameter, 100 mm length). The tubing was cleaned in 3%(V/V) hydrofluoric acid and water before fabrication and similarly afterwards. Before use, the tubes were immersed in l0%(V/V) nitric acid at 100 °C overnight, and soaked in the same acid at room temperature for one week. The tubes are siliconized by filling with 5%(V/V) dichlorodimethylsilane in toluene and rinsed with methanol (once) and water (six times). Samples were then weighed into the tubes, with 10 i1 of 0.186 g m11 solution of Mg(N03) 6H20 per ml of serum taken, and then frozen at _200C prior to lyophilisation. All operaions were carried out in a class 100 clean room and lyophilization was carried out in an apparatus of special design which was free of stainless steel. Samples are lyophilized overnight, and then ashed at increasing temperatures up to a limit of 480 °C in a muffle furnace with a chamber made of light-weight ceramic material with completely embedded heating elements. The ash was dissolved in 1 ml of O.lM hydrochloric acid, and 25 p1 aliquots of this solution used directly in the graphite furnace. Urine samples were voided into acid washed 25 ml Sterilin Universal containers and 0.5 ml of concentrated sulphuric acid (AristaR) added. Twenty four hour urine samples were collected in 2 litre polyethylene containers and 5 ml glacial acetic acid (AristaR) was added. The Sterilin containers were shown to be free of chromium contamination. All containers were acid washed before use by standing overnight in 20%(V/V) AristaR nitric acid.
These procedures have all been used successfully, although Procedure 2 has1not been used for the determination of serum chromium at the very lowest levels (< 0.5 pg 1
) as available analytical instrumentation has not permitted this. The importance of acid cleaning all containers can not be overemphasised. Alternative samplers or containers should always be fully evaluated before use for this type of analysis.
Sample preparation for analysis
The problems of contamination obviously extend to any sample pretreatment procedures. Adoption of analytical techniques which are sufficiently sensitive and free of interferences from the matrix of biological samples, thus obviating the need for complex sample preparation steps, is the obvious approach for a busy routine hospital laboratory. The increasing use of electrothermal atomic absorption instruments has done much to make this a reality. If sample pretreatment is necessary or considered appropriate, then great care must be taken to ensure that chromium from the reagents or containers used, or indeed from the environment does not contaminate the sample and invalidate the results. Destruction of the organic matrix by wet or dry ashing methods or solvent extraction/chelation methods of preconcentration are all liable to cause contamination and the reagents and apparatus employed should be carefully evaluated before use. Where such operations are used, they should be carried out under the best "clean room" conditions.
As a result of differences in the matrix and chromium concentrations, the requirements for sample preparation are much greater for serum chromium analysis than for the determination of chromium in urine. Several groups of workers (refs. 23,26,39-42) have now demonstrated that urinary chromium analysis is feasible using direct injection of samples into a graphite furnace for atomic absorption spectrometry. Thus sample pretreatment can be completely avoided and provided precautions are taken during sampling and storage, results of acceptable accuracy may be obtained in many routine hospital laboratories. Since urinary excretion provides a suitable means of monitoring chromium ingestion, electrothermal atomisation atomic absorption spectrometry (ETA AAS) has become extremely useful to the clinical toxicologist.
The determination of serum chromium is much less satisfactory. Not only does the sample matrix demand sample pretreatment before most instrumental measurements can be made, but the lower concentration of chromium in serum means that reagent and apparatus blanks are more significant, and the possibility of random contamination during pretreatment steps is also likely to impair accuracy. found it necessary to employ wet oxidation of serum samples with nitric acid and hydrogen peroxide for electrothermal atomic absorption spectrometry. As mentioned earlier, only the contribution of the blank in their method raised the chromium measurement above the detection limit.
Silanization of quartz tubes used for dry-ashing of serum samples prior to electthermal atomic absorption measurement was found to considerably improve the recovery of Cr added to rat serum (ref. 24) . Addition of magnesium nitrate as a matrix modifier also aided recovery of chromium (see Procedure 3 earlier). Many authors have been concerned about possible losses of chromium during wet ashing procedures, particarly when perchloric acid is used. Shapcott (ref. 45 ) however showed, using additions of CrCl3 to serum, hair and tissue samples, that quantitative recoveries were obtained using either HNO3/HC104 or HN0/HC104/H2S0, mixtures. For electrothermal atomic absorption spectrometry the latter mixture was preTerred, as the final product which is a mixture of sulphates and a few percent of sulphuric acid has a less deleterious effect on tube lifetimes than the mixture of perchlorates from the former. The author stresses the need to use Suprapur (Merck) or Ultrex (.].T. Baker) reagents for serum or urine digestions.
It seems clear that serum chromium determinations on normal subjects should not be attempted by laboratories unless the best clean room conditions are available. Reagents of the highest purity, and materials and apparatus with the lowest chromium contents must be used. Even under the most rigorous conditions, repeated blank determinations should be carried out.
Background absorption in electrothermal atomisation atomic absorption spectrometry Since ETA-AAS has been by far the most common technique used for the determination of chromium in biological materials, it follows that a high proportion of the inaccurate data has been produced by this method. Whilst it is rarely possible to identify sources of error in a particular procedure, and many errors must have been caused by contamination during sampling, the difficultyofachieving accurate background correction at the chromium wavelength must have contributed to errors in much of the earlier literature data (ref. 46) . Guthrie et al. (ref. 46) were the first to identify and clarify the nature of this problem with respect to the determination of chromium in urine. The special features which make this a particularly difficult ETA-AAS determination are:
(i) The maximum charring temperature which can be used for chromium either in aqueous solution or in urine is about 1200 °C (but see later comments on the use of a matrix modifier). This was5çemonstrated beyond all doubt by some careful experimentation using samples spiked with Cr radiotracer (ref. 41) . At this temperature, most if not all the organic matrix is removed but a large proportion of the major biological salts remain even after long charring times (ref. 46) , and give a substantial background signal during the atomisation stage. High quality background correction is therefore essential.
(ii) Most commercially available instruments rely on deuterium arc background correction. The intensity of these lamps at the chromium wavelength of 357.9 nm is low and deteriorates rapidly with use. In order to achieve accurate background correction, it is necessary to match the intensity of the D2 arc with that of the hollow cathode lamp (HCL), and this is normally achieved by operating the HCL at reduced current, or by using a light baffle in the HCL beam. Although the latter method is generally superior to the first, both will give increased noise on the output signal of the atomic absorption instrument compared to operation at wavelengths below 320 nm.
(iii) The chromium concentrations of interest in the urine of normal subjects are close to the detection limit of the method, and signals will often be commensurate or not much larger that the typical errors of all background correction systems caused by the nonsimultaneous measurement of the D2-arc and HCL signals (refs. 47,48).
There is no doubt that poor background correction has contributed to errors in chromium determinations in this field. However, developments in instrumentation over the past seven or eight years have significantly improved the performance of both electrothermal atomisers and atomic absorption instruments. One of the more important developments was the introduction of a tungsten-halogen background corrector lamp as an alternative to the D2-lamp (refs. 21,24,42) . This has much greater intensity in the visible region of the spectrum, and more specifically at the chromium wavelength and considerably improves background correction performance. The use of pyrolytic graphite coated tubes and faster furnace heating rates and lower internal gas flow rates during the atomisation stage have all improved sensitivity (refs. 24,42) . Several groups of workers have now also shown that' D2-arc background correction may be used effectively in more modern instruments for the determination of chromium in urine and serum, provided the atomisation conditions are correctly optimised (refs. 39,40,49), and one group has shown that valid measurements could be made with an instrument without the use of background correction facilities (ref. 26) . Most authors would, however, agree that background correction should be used and some recent alternative approaches offering efficient background correction at the chromium wavelength are reviewed below.
Inadequate sensitivity or detection capability Item (iii) above highlighted the limitations of ETA-AAS when signals for the analyte are too close to the detection limit, and results for chromium in serum now widely quoted in the literature were actually obtained from measurements below the detection limit of the method (ref. 22) . It remains true, particularly in the case of serum analysis, that normal chromium levels are close to the detection power of most analytical techniques in use. The authors believe that this limitation is often overlooked. Errors from variations in blank levels, extraneous contamination, instrument noise, etc. are likely to be increasingly ignored as the sophistication of computer controlled instrumentation grows, and the analyst's confidence in the answers displayed gains momentum.
It is always preferable to use an analytical procedure which gives a detection limit substantially (ideally > 10 times) lower than the levels to be measured. The detection limit referred to here is that for the whole procedure used and not that for the finaJ instrumental measurement. Thus a method capable of reaching a detection limit of 0.01 ig 1 is required for both serum and urine analysis. Since few analytical techniques in use for chromium analysis offer such ideal characteristics, the limitations of the methods and of the data produced should always be carefully evaluated.
ANALYTICAL TECHNIQUES
Analytical techniques suitable for the determination of chromium in biological materials have been reviewed by a number of authors (refs. 6,50-52). A wide range of techniques may be used for the determination of the higher levels of chromium found in hair, bones and most foods and diets. Great care still needs to be taken during sampling and/or digestion of such samples if accurate results are to be obtained (refs. 45,50) , but the problems are less severe than for serum and urine. The problem of selecting the most appropriate washing procedure to remove exogenous chromium from hair samples before analysis has been highlighted elsewhere (ref. 53 ). In addition a number of standard reference materials are available with chromium cntents relevant to the analysis of foods, .g. NBS SRM 1571 Orchard Leaves (2.6 tg g ), NBS SRM 1569 Brewers' Yeast1(2.l2 ig g ), NBS SRM 1577 Bovine Liver (0.088 pg g1), NBS SRM 1570 Spinach (4.67 pg g ), and more recently NBS SRM milk powder (2.6 ng g ), and should be used to evaluate the accuracy of digestion prOcedures and analytical techniques used for higher chromium concentrations (refs. 50,51) . Instrumental methods suitable1for such sample types and for serum and urine chromium concentrations above about 10 ig l include spectrophotometry, voltammetry, instrumental neutron activation analysis, X-ray fluorescence, flame atomic absorption spectrometry, spark source mass spectrometry and arc emission spectrometry (refs. 6,52). If required, information should be sought from the cited references, and details from references therein.
For the determination of chromium at levels below 10 ig 1_i, the range of analytical techniques is much more limited, although some recent developments have suggested potential alternatives to electrothermal atomic absorption spectrometry and destructive neutron activation analysis, the most commonly used methods to date.
Electrothermal atomisation atomic absorption spectrometry (ETA-AAS)
The problems of background correction in ETA-AAS have been discussed ear4er. Using modern Oommercial graphite furnaces detection limits between 0.05 and 0.15 jig 1 can be reached. To achieve such levels advantage must be taken of facilities such as fast heating rates and reduced internal gas flows during atomisation (ref. 42 ). In addition, it has been shown that graphite tubes coated with pyrolytic graphite give improved sensitivity and detection limits for the determination of chromium (refs. 26,42) , and the use of total pyrolytic graphite tubes may have significant advantages in the future (refs. 54,55) .
Current state-of-the-art operation of most commercial ETA-AAS systems requires the use of a platform (ref. 56 ). Due to the lower heating rate of a platform placed inside the graphite tube, the sensitivity for involatile elements such as molybdenum and vanadium is actually inferior to direct atomisation from the tube wall, which is usually the recommended procedure for these elements (ref. 56) . With chromium, which is only slightly less volatile, the advantage to be gained from using a platform is at best marginal. Addition of magnesium nitrate as a matrix modifier extends the range of available charring temperatures to 1600 °C, which is useful for ensuring more complete removal of the inorganic salts in biological samples prior to the atomisation stage (ref. Application to sample analysis has not so far been reported. Using the same instrument system, a similar detection limit of 0.14 jig 1 (20 jil) was recorded1for urine chromium using a pyrolytic graphite coated tube with no platform, and 0.16 jig l was obtained with a platform, both measurements being based on peak area (ref. 57).
Using a pyrolytic graphite coated tube with a platform, but with magnesium nitrate as matrix modifier, Veillon et al. (ref. 24) recommended an ashing temperature of 1350 0C in their 1 method for serum analysis. Using peak height measurements, a detection limit of 0.03 jig 1 was achieved using a single 25 p1 aliquot of the final ashed sample solution produced by their pretreatment procedure (see Procedure 3 earlier). Calibration graphs were prepared from a bovine serum pool.
Although one group have recently suggested that direct analysis of chromium in urine may be achieved without background correction (ref. 26) , most authors including the present ones recommend the use of an efficient and highly accurate background correction procedure. Acceptable results can undoubtedly be achieved using D2-arc systems (refs. 39,40) , but three recommended methods (refs. 24,41,52) suitable for determinations at the very lowest levels have utilised the tungsten-halogen lamp based correction method first investigated by Kayne et al. (refs. 21, 22) . In a recent article, Halls and Fell (ref. 49) have shown that the interference observed with D2-arc background correction can be removed by the use of a lower atomisation temperature than would be considered normal for chromium viz. 2400 °C. The interference effect in the determination of chromium in urine is ascribed to the effect of excessive emission of radiation by chromium in the presence of sodium and particularly potassium. Although the effect is increased by the use of the high gain settings required when D2-arc background correction is used because of the need to balance the energies between the two light sources, it is still observed at normal gain settings. Thus it may remain a significant source of interference in other instrumental systems such as that based on the use of a tungsten-halogen lamp for background correction. The potential advantages in accuracy to be gained from methods based on a single light source in conventional atomic absorption instruments, viz. Zeeman effect (ref. 56) , and pulsed hollow cathode lamps (ref. 58 ) have yet to be fully documented for chromium analysis. The loss of sensitivity implicit in the latter method may be of considerable significance in determinations such as chromium in biological fluids.
All commercial atomic absorption instruments are based on the measurement of atomic absorption signals by narrow line sources. An alternative developed by O'Haver and his colleagues uses a continuum source and has proved particularly successful for the determination of chromium in biological materials. The instrument system, which was recently reviewed (ref. 59) , is based on a high resolution echelle spectrometer and a high intensity 300W Xenon short-arc continuum source. Efficient background correction (up to 3.0 absorbance units of static background has been claimed (ref. 60)), is achieved by wavelength modulation using an oscillating refractor plate at the entrance slit of the monochromator. The use of this system to obtain accurate results for the determination of chromium in urine has tjeen reported in a number of publications (refs. 42,46,61) , and a detection limit of 0.09 pg 1 consistent with normal line-source AAS measurements has been reported (ref. 61) . A recent publication has described the use of this instrument for the simultaneous determination of Al, Cr, Mn and Ni in blood serum (ref. 62). Samples oF serum (2 ml) were placed into silanized quartz test tubes with 20 il of 2%(m/V) magnesium nitrate, frozen at -20 °C and freeze-dried. The freeze-dried samples are then ashed in a muffle furnace up to a maximum temperature of 480 °C. The ashed sera are then dissolved in 0.5 ml of Ultrex 5%(V/V) nitric acid. The magnesium nitrate acts as both an ashing aid and matrix modifier1 Atomisation, which was from a platform, gave a mean method detection limit of 0.09 ig 1 of serum. Continuum source atomic absorption results were in excellent ageement with those obtained by other techniques for a bovine serum pool containing 0.3 pg l chromium (refs. 29,62,63) . Although this technique is not yet commercially available, the sensitivity and background correction capability of th,e system, offer exciting potential for future application.
Uectrothermal atomic absorption is clearly the most widely used technique for chromium analysis at low concentrations in biological materials. The quality of a number of different background correction methods now available men that it can be used with increasing confidence. Detection limits of around 0.1 pg l in all the systems make it reasonably convenient for most urine samples. The levels of chromium in serum are however close to or below current detection capability, and the successful application of ETA-AAS to this determination remains difficult and has been described in very few reports.
Carbon furnace atomic emission spectrometry (CFAES)
Although commercial electrothermal atomisers are intended for use in atomic absorption instruments, it is possible to make very sensitive measurements using the same instrumentation in atomic emission spectrometry (ref. 64) . The development of a single channel instrument based on a high resolution echelle monochromator and a commercial graphite furnace atomiser, in which efficient background correction is achieved by wavelength modulation as in continuum source atomic absorption has been described (ref. 65) , and its application to the determination of a number of trace elements of c1inicl interest evaluated (refs. 66-68) . A detection limit for chromium of about 0.02 pg l , following direct injection of 1+1 diluted urine onto a pyrolytic graphite coated platform, has been reported in a number of publications (refs. 61,65,66) . Using the same spectrometer/background correction system for both continuum source atomic absorption and furnace atomic emission showed a CFAES detection limit 4.5 times better than for continuum source atomic absorption spectrometry (ref. 61) . It should be noted that an HGA 500 furnace without a platform was used for atomic absorption measurements, but an open-ended furnace, the HGA 2000 (or in Europe HGA 72) was used with a platform for emission. The higher vapour phase temperatures experienced by the analyte under platform atomisation, provide a significant improvement in emission detection limiis (ref. 65) .
Results for the analysis of a urine standard containing approx. 0.5 pg 1 chromium by both furnace emission and continuum source atomic absorption were in excellent agreement with figures obtained by a gas chromatography/IDMS method described below (ref. 61) .
In recent studies (refs. 69,70) , a carbon furnace atomic emission instrument based on a low resolution monochromator has been described and its application to the determination of chromium in urine evaluated. Background correction is again achieved by wavelength modulation, and atomisation is from a probe inserted into a HGA 72 atomiser fitted with a totally pyrolytic graphite tube. No significant spectral or chemical interferences from the urine matrix were encountered and urine samples were analysed against aqueous standards either directly or after 1+1 dilition with water. The detection limit of the low resolution monochromator system was 0.3 pg 1 , but it is predicted that lower detection limits will be achieved by further optimisation of the spectrometer and optical system. The potential for highly sensitive, accurate, low cost chromium analysis is considerable.
Inductively coupled plasma emission spectrometry (ICPES) Whilst this technique has made great strides forward in the past ten years and is now used widely in a variety of fields, applications in clinical nalysis are few. Detection limits for chromium are generally quoted in the range 1-5 pg l (ref. 71) , and whilst this is satisfactory for the analysis of biological materials such as foods and soils, it is not sufficiently sensitive for materials such as serum or urine (ref. 72) . Although chemical interferences are uncommon, spectral interferences are much more common than in atomic absorption, and samples of urine and serum generally require substantial dilution before they can be introduced into a plasma using conventional nebulisation techniques. The dilution factor will further degrade practical detection limits. Although nebulisers are now available for solutions of high solid content, the improvement is unlikely to be sufficient to allow the direct determination of chromium in serum or urine.
The use of electrothermal atomisation as a sample introduction device for ICPES has offered some interesting possibilities, and Barnes et al. (ref. 73) have described the use of a carbon rod atomiser coupled to an ICP for the determination of a1number of elements in urine. Although the detection limit for chromium was still only 4 ig l ) have demonstrated a resin preconcentration procedure which has allowed the determination of lower levels of chromium in urine samples. Samples of 500 ml of urine are adjusted to pH 5.0 and shaken with 0.2g of a specially prepared poly-(acrylamidoxime) resin which quantitatively extracts chromium(III). After shaking for 24 hours, the resin is isolated and dissolved in 5 ml of 1+1 nitric acid, and analysed by a standard additions procedure using a standard ICP with a Babington nebuliser. Although the procedure requires further evaluation at the lowet levels, acceptable results were achieved for samples con-1 taming between 1 and 50 pg 1 chromium, and the reported detection limit was 0.028 pg 1 for a 500 ml urine sample.
Destructive neutron activation analysis
Although a number of groups have reported on the use of neutron activation analysis for the determination of chromium in serum (ref. 12), only one has reported results which are consistent with accepted levels of chromium in serum and their publications should be consulted for details of the method used (refs. 20,25) .
Reactor irradiation produces the radio-isotope 51Cr by the reaction 50Cr (n, y) 51Cr, and this isotope has a half life of 27.8 days and a photopeak at 320.0 keV. Large, lyophilised serum samples can not be irradiated at a high neutron flux. The danger of explosion due to the increase in pressure caused by radiation damage is too great. Samples (100 mg) were therefore dry ashed over a period of 24 hours prior to irradiation, using successively increasing ash temperatures of 100, 200, 350, and 450 °C. Although the effects of contamination after irradiation can be ignored in neutron activation analysis, extreme care must be taken during all sample pretreatment sts. Versieck t jil. (refs. 20,25) irradiated ashed samples for 12 days at a flux of -l0 neutrons cm s . The samples were allowed to decay for 30 days before mineralisation in a mixture of perchloric and nitric acids. Selective separation of chromium as chromyl chloride was then carried out in 10 ml of perchloric acid with three successive portions of 5 mg Cr as carrier, before radioactive measurement using a Ge(Li) detector.
Whilst excellent results have been achieved with this procedure, it is clearly lengthy and time consuming. The expensive instrumentation required also precludes the use of this method for routine analysis, but it does provide a useful reference method. This work has also performed the vital role of confirming data obtained by other techniques, and established the need for improved sensitivity and accuracy in chromium analysis in biological materials. Some of the problems associated with the determination of chromium in urine (ref. 75) and red blood cells (ref. 43 ) by neutron activation analysis have been discussed by Cornelis and coworkers.
Gas chromatography/isotope dilution mass spectrometry Chromium can be converted into a volatile complex, trifluoroacetylacetonate chromium(III), which can be separated from other similar metal complexes by gas chromatography and detected with considerable sensitivity using electron capture, microwave excitation, atomic absorption and mass spectrometry for detection (ref. 52). Unfortunately, the complicated procedures required for the quantitative formation of the complex from chromium in biological samples like serum or urine, produce high blanks and make chromium determinations impossible (ref. 76 ). An exception to this is the method developed by Veillon et ml. (ref. 77 ) based on stable isotope dilution mass spectrometry and al ion monitoring. Before the chelation/extracon procedure, the sample of urine (mainly Cr) is spiked with Cr203 which contains 96.79% Cr. After freeze drying, the mixture of urine and spike, are subjected to overnight ashing in a plasma oxygen asher, and subsequently ashed with hydrogen peroxide. Double distilled tnfluoroacetylacetone is added and the chelation reaction carried out in sealed tubes for 2 hours at 100 °C. The chelate is extracted into hexane and excess ligand which is also extracted, removed by washing with lM sodium hydroxide. Samples in hexane were separated on a glass column packed with 1% SE-3D on chromasorb-W at 125 °C.
The accuracy of this method has been confirmed by the analysis of NBS RM 1569 Brewers' Yeast and by comparison of results for normal urine samples with those obtained by other techniques (refs. 24,42,61,77) . As with neutron activation analysis, the complexity and cost of this method render its widespread use impractical, but it has performed and will continue to perform an essential role as a reference method. Application to serum analysis could provide a significant future application area.
SPECIATION OF CHROMIUM
The exact form of chromium present in glucose tolerance factor has still to be established, although a bioassay for its determination has been proposed (ref. 18 ). Several groups have addressed themselves to other aspects of the speciation of chromium in biological samples. It has been shown that chromium exists entirely as chromium(III) in urine (refs. 74,78,79) . In addition if chromium(VI) is added to urine, it is rapidly reduced to chromium(III). A study of the distribution of chromium among the serum proteins in a lyophilized reference animal serum has also been reported by Graf-Harsanyi and Langmyhr1(ref. 80 ). The total concentration of chromium in this sample was reported to be 61 pg 1 which is more than 100 times higher than normal human serum, but the authors were able to use gel filtration combined with ETA-AAS to show that the chromium existed in two main fractions, one in the high molecular weight or macroglobulin group, and a low molecular weight fraction associated with albumin and transfernin. The majority of the chromium was bound to the transfernin component.
For most analysts the problems of determining total chromium at the levels found in normal serum or urine are sufficiently complex to preclude active studies of chromium species in these materials. In view of the current state of knowledge of the metabolism of chromium, more information on the species of chromium present in biological samples remains a desirable if distant goal.
CONCLUSIONS
The paper by Versieck and Cornelis in 1980 (ref. 12 ) provides a landmark in the development of analytical procedures for the determination of chromium (and other elements) in biological materials. Although many analytical chemists were fully aware of the errors in the earlier literature and the need for careful control of contamination etc. before then, it has not been possible since that date for anyone to ignore the lessons learnt from the strenuous efforts of early workers in this field. Unfortunately, it is clear that much of the pre-1980 data on chromium is invalid and that biochemical conclusions drawn from it are subject to doubt.
Fortunately, it should now be possible for many hospital laboratories to deploy commercial instrumentation with sufficient sensitivity for the determination of chromium in urine. The same cannot be said for serum analysis, especially for samples from normal or healthy subjects. There remains a need for analytical techniques of improved sensitivity for both serum and nine, but particularly the former. A method with a detection limit lower than 0.01 pg 1 which would allow serum analysis after a moderate dilution would be valuable in the elucidation of many clinical questions. Even with such a method, it would be necessary to ensure strict control of all forms of contamination, particularly at the sampling stage.
The recent preparation and characterisation of a bovine serumjeference material, NBS RM 8419, with a recommended chromium concentration of 0.30 0.05 ig 1 should make an important contribution to the quality of reported serum chromium values (refs. 29,63) . The usefulness of this material is enhanced because the chromium Ooncentration has been confirmed by a wide range of techniques used in several different laboratories and is close to that of normal human serum levels (ref. 10) . It should be used as a test of analytical accuracy whenever the measurement of normal or deficiency state populations is undertaken.
The recent paper by Cornelis and Wallaeys (ref. 10) has highlighted some areas in which clinical conclusions are in doubt. For our part, we believe that a number of specific questions of biological interest require re-evaluation or renewed examination with analytical techniques and procedures of established accuracy. Amongst these questions are: (i) What is the dietary requirement for chromium in a normal healthy person? How is this altered in diseases such as diabetes? Do average diets supply this requirement? Recent evidence suggests they may not (ref. 17 ).
(ii)
What is the structure of GTF and how is this synthesised and then transported to potentiate insulin at peripheral tissue sites? (iii) Is there a real change in erum and urinary chromium after glucose loading? Can lower than normal (i.e. <0.1 ig l ) levels of serum chromium be demonstrated in diabetic patients or those with cardiovascular disease?
(iv)
Should chromium(III) be added to the intravenous regimes or other nutritional support given to various categories of patient? Is so, what is an adequate yet safe dosage?
These and other questions concerning our general understanding of chromium metabolism in health and disease await the more widespread availability of commercial instrumentation of adequate sensitivity and of analysts able to apply new methodology in an appropriately careful manner.
